With the aim to examine the possible coexistence of double structure in CaAlSi, a comparative study of the as-prepared and annealed samples using 27 Al NMR spectroscopy was performed. For the specimen with heat treatment, the NMR powder pattern clearly exhibits two sets of satellite transitions. We associated the narrow one with the AlB 2 -type structure, and the other with the BaPtSb type. We further measured the temperaturedependent spin lattice relaxation rate for each individual structure. Results provide an estimate of Al-s Fermilevel density of states N s ͑E F ͒ for both phases. We found that the corresponding electronic characteristics are similar in spite of the distinctness in their local electric environments of the Al sites.
I. INTRODUCTION
The discovery of superconductivity at 39 K in MgB 2 has stimulated a large number of interests, 1 particularly focusing on the search for new superconductors with hexagonal graphitelike structure. Ternary silicide CaAlSi with T C of about 7.7 K is a material of this prototype. 2, 3 Although many efforts have been made for the understanding of the nature for this compound, [4] [5] [6] [7] [8] [9] [10] [11] its actual crystal structure remains a mystery. According to the powder x-ray diffraction ͑XRD͒ analysis, CaAlSi has been considered to crystallize in the AlB 2 -type structure ͑space group P6/mmm͒. 2 Alternatively, the BaPtSb-type structure ͑P6m2͒ with the same unit cell as that of AlB 2 has been proposed. 12 In the P6/mmm phase, each hexagonal layer ͑2d site in the Wyckoff position͒ is occupied randomly by either Al or Si with equal probability. On the other hand, atomic in-plane ordering with Al atoms alternating with Si atoms appears in P6m2. Due to the similar atomic size of Al and Si, an examination using the XRD technique fails to distinguish both phases. While the theoretical calculations have indicated that the Al/ Si ordered P6m2 phase is energetically favored, 12, 13 the disordered P6/mmm could be stabilized by entropy. This seems to suggest the possibly simultaneous existence of these two phases in a real sample. Nevertheless, there has been no experimental work associated with this scenario, essential to provide an identification of the crystallographic structure for CaAlSi. ͑see Fig. 1 .͒ As to the proposal that a certain amount of P6m2 phase may exist in CaAlSi, no definitive conclusion can be drawn from the XRD analysis. Hence, a local probe such as nuclear magnetic resonance ͑NMR͒ is crucial to provide an unambiguously resolution. In this work, the observation of two sets of 27 Al satellite transitions by NMR allows us to demonstrate the coexistence of double structure in CaAlSi. Furthermore, we have characterized the electronic states of each individual phase via spin lattice relaxation measurement.
II. EXPERIMENTAL RESULTS AND DISCUSSION
Polycrystalline CaAlSi compounds were prepared by an ordinary arc-melting technique. With the aim to examine the possible phase separation via heat treatment, one part of the resulting ingot was annealed in a vacuum-sealed quartz tube at 800°C for 7 days, while another as-prepared one remains no annealing. An x-ray diffraction taken with CuK ␣ radiation on powder samples is shown in Fig. 2 . The reflections for both specimens are almost identical and could be identified according to the AlB 2 -type structure, with two weak peaks indexed to the ͑101͒ and ͑102͒ planes of CaAl 2 Si 2 . The presence of the minor phase of CaAl 2 Si 2 has been confirmed from electron micrograph by Imai et al. 2 which turns out to have little influence on the NMR measurements. Based on the x-ray result, it is natural to conclude that no dramatic change in the crystal structure takes place through annealing. However, as one can see below, the annealed sample clearly reveals two sets of 27 Al satellite transitions, demonstrating that the neighboring electric field gradient ͑EFG͒ of the Al sites arises from different crystal structures.
NMR measurements were performed using a Varian 300 spectrometer, with a constant field of 7.05 T. A home-built probe was employed for both room-temperature and lowtemperature experiments.
14 Since the studied materials are metals, powder samples were used to avoid the skin depth problem of the rf transmission power. Each specimen was put in a plastic vial that showed no observable 27 Al NMR signal. 15 The Knight shifts here were referred to the 27 Al resonance frequency of one molar aqueous AlCl 3 .
A. Satellite lines
In this investigation, wide-line satellite spectra were mapped out by integrating spin echo signals of various exci- transitions with even splitting which can be used directly to determine the quadrupole frequency, Q . However, attempts to extract the quadrupole frequency using these lines yield inconsistent Q values for the as-prepared CaAlSi compound. Such a confliction is seemingly attributed to a mixture of multistructure in the sample.
As proposed by Mazin et al., 12 heat treatment should effectively enhance the Al/ Si ordered P6m2 phase in CaAlSi, although a complete isolation from the disordered P6/mmm may not be possible in reality. To shed light on this scenario, the satellite transitions for the as-prepared and annealed samples were thus compared. For clarity, we showed the enlargement of the satellite spectra in Fig. 4 . As one can see, two pairs of quadrupole transitions which correspond to two Al sites with distinct local environments have been resolved. Such a phenomenon is almost invisible for the as-prepared sample because the broader quadrupole lines result in a poor isolation. It thus clearly reveals that heat treatment indeed improves the separation of these two structures in CaAlSi. For the electric quadrupole interaction, the shape and shift of the satellite lines for each transition can be expressed in the first order by ͑Ref. 19͒
͑1͒
Here o is the pure Zeeman transition frequency and is the angle between the crystal symmetry axis and the external magnetic field. The line shape simulation appropriate to the annealed sample was performed according to Eq. ͑1͒. Each synthetic profile matches well with the experimental 27 Al NMR quadrupole lines. It thus allows one to extract Q Ӎ 0.55 MHz and Q Ӎ 0.87 MHz for the narrow and broad quadrupole transitions, respectively. The fact that two distinctive Q values are undoubtedly resolved definitely prove that the neighboring EFG of the Al sites arises from different crystallographic structures.
To further identify each individual satellite transition to the corresponding structure, we performed the same measurement on the off-stoichiometric compound CaAl 1.1 Si 0.9 . As seen from Fig. 5 , the satellite powder pattern of CaAl 1.1 Si 0.9 appears as a one-site NMR spectrum. It is no difficulty to determine the Q value with a full simulation of the spectrum drawn as a dotted curve. Since the obtained Q Ӎ 0.66 MHz for CaAl 1.1 Si 0.9 is close to Q Ӎ 0.55 MHz for the narrow transition of CaAlSi, it is likely to associate this narrow satellite transition with the crystal structure of CaAl 1.1 Si 0.9 due to the similarity in their local electric envi- ronments. While the true crystal structure of CaAl 1.1 Si 0.9 remains to be confirmed, its isostructural system SrGa 0.74 Si 1.26 has been proved to crystallize in the AlB 2 -type structure revealed from the convergent beam electron diffraction measurement. 2 With this respect, it is reasonable to assign the structure of CaAl 1.1 Si 0.9 to AlB 2 type with site occupation probabilities of 0.55 for Al and 0.45 for Si in the 2d site.
B. Central transition lines
Unlike the quadrupole transition, the central transition
͒ line shapes for both as-prepared and annealed CaAlSi are nearly identical, as demonstrated in the inset of Fig. 3 . Such an observation suggests no marked modification on the central transition through heat treatment. Based on the result of satellite transitions, the central transition of CaAlSi should consist of two components due to the coexistence of double phase. Attempts to isolate these two features using quadrupolar broadening together with anisotropic Knight shift fail to yield an unambiguous result. We here only estimated the isotropic Knight shift K iso Ӎ 0.066% simply from the maximum position. According to the relationship of the isotropic Knight shift to the s-character Fermi-level density of states ͑DOS͒ in metals, 16 the small K iso implies low partial s-DOS on the Fermi surfaces. Moreover, the mixture of these two Knight shifts indicates that the corresponding electronic characteristics are similar.
It is worthwhile mentioning that a small peak attributed to the central transition of CaAl 2 Si 2 has been clearly noticed from the annealed CaAlSi sample. This observation is consistent with the x-ray result as shown in Fig. 2 . The relative weak NMR intensity confirms that only few amount of CaAl 2 Si 2 exists in the specimen. In addition, our preliminary NMR measurement on CaAl 2 Si 2 yielded Q Ӎ 0.36 MHz which is considerably less than the values assigned in CaAlSi. On these bases, CaAl 2 Si 2 should be considered as an impurity rather than one of the phases we address here.
C. Spin-lattice relaxation rates
Spin-lattice relaxation time ͑T 1 ͒ measurement can further provide a quantitative probe of the Fermi surface feature in the present CaAlSi. Here, the T 1 measurement was carried out using the saturation recovery method. The saturation rf comb with 40 short 2 s pulses was employed. We recorded the signal strength by integrating the spin echo signal. As we have noted previously, two 27 Al central transition lines are strongly mixed, which prevents us from separated relaxation measurements. We thus measured T 1 using the satellite lines, showing distinctive peaks for each individual Al site. 17 We found each T 1 by centering the transmission frequency at the m = Here M͑t͒ is the magnetization at the recovery time t and M͑0͒ is the initial magnetization. Each T 1 value was thus obtained by fitting to this multiexponential function. A representative recovery curve associated with the BaPtSb-type structure is displayed in the inset of Fig. 6 . To provide accurate values, each T 1 has been measured several times and the averaged T 1 for the corresponding temperature is given in Fig. 6 . It is appearant that 1 / T 1 follows Korringa behavior ͑constant T 1 T͒, 18 indicating a conduction-electron mechanism for the observed relaxation.
For the present CaAlSi the relaxation of Al nuclei is dominated by their coupling to the spin of the s-character electrons since p and d hyperfine fields are generally an order of magnitude smaller than s hyperfine fields. 19 In the absence of the collective electron effects, the spin-lattice relaxation rate can be written as 18 1
where h and k B are the Planck constant and Boltzmann constant, respectively. ␥ n is the Al nuclear gyromagnetic ratio, It should be emphasized that the observation of two structures in CaAlSi is different from trivial inhomogeneity. As a matter of fact, several theoretical works have pointed to this possibility in a real sample. 12, 13 This tends to reinforce the conclusion that the simultaneous appearance of these two phases is an intrinsic phenomenon for CaAlSi. Another remarkable NMR result is that the electronic states of both structures are similar to each other. Such a finding is in good agreement with theoretical predications. 12, 13 With these respects, it reveals that the crystallographic structure of CaAlSi is of no relevance for the corresponding electronic characteristics and superconducting properties. We believe that these progresses would not only provide valuable information for the physical nature of CaAlSi but also stimulate further theoretical and experimental investigations on a wide class of the hexagonal graphitelike superconducting compounds.
III. CONCLUSIONS
In conclusion we present clear NMR evidence for the coexistence of double crystal structure in CaAlSi, which cannot be resolved through XRD analysis. We also measured T 1 's on each quadrupole transition line, and thus isolated the electronic properties of both phases. We associated the observed T 1 's with s-character Fermi-level DOS, and pointed to a uniformity in their electronic characteristics. These findings would provide a useful reference and strong motivation for a future study of the related compounds. 
